Nitrogen is a primary plant nutrient that plays a major role in achieving maximum economic yield. Insufficient availability most often limits soybean [Glycine max (L.) Merr.] crop growth. Symbiotic N 2 fixation in soybean is highly sensitive to limited water availability, and breeding for reduced N 2 fixation sensitivity to drought is considered an important objective to improve yields under drought. The objective of this study was to identify single nucleotide polymorphism (SNP) markers associated with N traits. A collection of 373 diverse soybean genotypes were grown in four field environments (2 yr and two locations) and characterized for N derived from atmosphere (Ndfa), N concentration ([N]), and C/N ratio. The population structure of 373 soybean genotypes was assessed based on 31,145 SNPs and genome-wide association analysis using a unified mixed model identified SNPs associated with Ndfa, [N], and C/N ratio. Although the Ndfa, [N], and C/N ratio values were significantly different between the two locations in both years, results were consistent among genotypes across years and locations. While numerous SNPs were identified by association analysis for each trait in only one of the four environments, 17, 19, and 24 SNPs showed a significant association with Ndfa, [N], and C/N ratio, respectively, in at least two environments as well as with the average across all four environments. These markers represent an important resource for pyramiding favorable alleles for drought tolerance and for identifying extremes for comparative physiological studies.
S
oybean is an important source of high-quality, inexpensive protein, oil, and vitamins. A primary advantage of legume crops, and of soybean in particular, is their symbiotic association with rhizobial strains resulting in N 2 fixation that eliminates reliance on N fertilizer. The fixation of N 2 , therefore, decreases fertilizer costs and provides a sustainable plant N supply without environmental concerns of nitrate contamination of ground water or greenhouse gas emissions of nitrous oxides that are associated with N fertilizer losses (Masclaux-Daubresse et al., 2010; Snyder et al., 2014) . The contribution of N 2 fixation for soybean growth and yield is affected by environmental and genetic factors. Inorganic and mineralized N in the soil decrease nodule formation and N 2 fixation (Harper, 1987) . On fertile soils of the US Midwest that have large amounts of organic matter and large pools of mineralized N, N 2 fixation provides little N until soybean enters reproductive growth, and the delay in N 2 fixation after crop emergence is proportional to the soil N pool. Under conditions with relatively large amounts of soil N, the seasonal estimate for the proportion of N derived from N 2 fixation is 25 to 50% (Harper, 1987) , whereas, in soils with little organic matter and low residual soil N, 85 to 90% of the seasonal N may be derived from N 2 fixation (Harper, 1987; Mastrodomenico and Purcell, 2012) .
Soil moisture supply also affects N 2 fixation, with N 2 fixation being more sensitive to drought stress than leaf gas exchange (Durand et al., 1987; Sall and Sinclair, 1991; Sinclair et al., 1987) . There are, however, differences among genotypes in the sensitivity of N 2 fixation to drought (King and Purcell, 2006; King et al., 2014; Sall and Sinclair, 1991; Sinclair et al., 2007) . Changes in the tissue [N] of soybean shoots in response to drought have been used as a metric to evaluate the sensitivity of genotypes to drought (King and Purcell, 2006; King et al., 2014; Sall and Sinclair, 1991; Sinclair et al., 2007) . The assumptions for this method are that a decrease in [N] during drought reflects decreased N 2 fixation relative to photosynthetic C accumulation and that shoot [N] is due to N 2 fixation rather than uptake and assimilation of mineral N. King and Purcell (2006) found that when genotypes with high shoot [N] under well-watered conditions were exposed to drought, there was a decrease in shoot [N] . In contrast, genotypes with low shoot [N] under well-watered conditions had little or no change in [N] under drought conditions. In subsequent experiments, King et al. (2014) screened 175 maturity group (MG) 4 soybean accessions for low shoot [N] and identified two accessions with relatively high yields that were able to maintain high rates of nitrogenase activity at considerably lower soil moisture content than commercial cultivars or other accessions with high shoot [N] .
The use of [N] as an indicator of the sensitivity of N 2 fixation relative to photosynthesis under drought is predicated on the assumption that the carbohydrate portion of the plant biomass is constant. A more direct method of assessing the balance between N 2 fixation and photosynthesis is to evaluate the elemental ratios of N to C or of C to N. We are not aware of any research that has made this evaluation.
An alternative method for evaluating genotypic differences in the contribution of N 2 fixation is based on the 15 N natural abundance (Shearer et al., 1980) . The basis for this method is that 15 N naturally occurs at considerably greater concentrations in soil than it does in the atmosphere. Therefore, a plant actively fixing N 2 will dilute the 15 N in plant tissue compared with a plant that derives N exclusively from the soil. By including a non-N 2 -fixing reference crop in an experiment, the fraction of Ndfa can be determined.
Tight coordination of cellular C and N metabolism has been well recognized, and improving crop yields by altered metabolism may be achieved through more C assimilation per unit of N. Physiological and biochemical studies clearly demonstrate that maintaining an appropriate balance of C and N is essential, and that, when plants are deficient in N, the photosynthetic output is negatively affected but can recover if N is supplemented (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001 ). Similarly, increasing C supply can promote N uptake and assimilation (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001) , and, in the case of legumes, enhancing the amount of N fixed per unit of C invested (N 2 fixation efficiency) should increase yield (Denison, 2014) . Therefore, an adequate supply of C and N nutrients is critical for plant growth and development, ameliorating crop responses to a wide array of stresses, and of particular importance for the production of harvestable organs (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001; Zheng, 2009) .
Although soybean genotypes have been identified with superior N 2 fixation under drought conditions (King et al., 2014; Sall and Sinclair, 1991; Sinclair et al., 2007) , there is a paucity of data on genes or quantitative trait loci (QTLs) that contribute to prolonged N 2 fixation under drought. Recently, Hwang et al. (2013) identified QTLs for shoot ureide and [N] in soybean. Ureides are the product of N 2 fixation and are well correlated with shoot [N] (Hwang et al., 2013; King and Purcell, 2006) . The close relationship between low concentration of shoot ureide or N with drought tolerant N 2 fixation (King et al., 2014) provides a tool by which QTLs for shoot ureide and [N] may be used for marker-assisted selection in applied breeding programs. Genome-wide association studies (GWAS), a highresolution method for mapping QTLs based on linkage disequilibrium (LD), holds great promise for the dissection of complex traits and identifying alleles among diverse soybean genotypes (Dhanapal et al., 2015) . Quantitative trait locus mapping is a widespread approach to dissect the genetic determinism of many economically important complex traits in plant breeding. The genetic architecture of complex traits in soybean is commonly examined by QTL linkage mapping using biparental populations with limited recombination and can lead to the identification to QTLs that often are population specific (Hao et al., 2012) . Association analysis exploits historical LD in diverse populations to identify QTLs with high accuracy (Yu and Buckler, 2006) . This approach has recently been used successfully to map several traits in soybean (Dhanapal et al., 2015; Hao et al., 2012; Hwang et al., 2014; Mamidi et al., 2014; Wen et al., 2014) . However, to date, association studies have not been used to map Ndfa, [N] , and C/N ratio traits in soybean. Therefore, the objectives of this research were to identify SNP markers associated with Ndfa, [N] , and C/N ratio in aboveground plant material and thus identify candidate genes underlying Ndfa, [N] , and C/N ratio. and 2010. Plants were grown on a Mexico silt loam (fine, smectitic, mesic Vertic Epiaqualf) soil at Columbia and on a Crowley silt loam (fine, smectitic, thermic Typic Albaqualfs) at Stuttgart as described by Dhanapal et al. (2015) . Briefly, seeds of 385 MG IV soybean genotypes, originally obtained from the USDA Soybean Germplasm Collection, were planted at 2. Dhanapal et al., 2015) . For analyses purposes, the two growing seasons at each location were considered as four environments. Throughout the remainder of the text, the 2009 and 2010 growing seasons in Columbia and Stuttgart will be referred to as CO09, CO10, ST09 and ST10.
Materials and Methods

Field Sites and Experimental Design
Biomass Sampling and Data Analysis
At beginning bloom to full bloom, five random plants from each plot were cut at the soil surface at 53 d after planting (DAP) at Columbia in both years, and 50 and 61 DAP at Stuttgart in 2009 and 2010, respectively. After drying at 60C until reaching constant weight, biomass samples were ground to a fine powder and processed for analysis as described (Dhanapal et al., 2015) . The  15 N isotope analysis was conducted at the University of California-Davis Stable Isotope Facility (http://stableisotopefacility.ucdavis.edu/) using an elemental analyzer interfaced to a continuous flow isotope ratio mass spectrometer, which also yielded N and C concentrations of each sample. Data received from the stable isotope facility were reported as  15 N (‰) as determined by Eq.
[1]:
where R sample is the ratio of 15 N to 14 N of the sample and R airN2 is the ratio of 15 N to 14 N of the air.
The percentage of Ndfa was calculated (Eq.
[2]) as follows (Herridge et al., 1990; Kohl and Shearer, 1981 Bergersen et al. (1989) and represents an average value of shoot  15 N of three cultivars that were completely dependent on N fixed from N 2 .
Single Nucleotide Polymorphism Genotyping and Statistical Analyses
The genotypic data for this study was obtained from the application of the SoySNP50K iSelect SNP Beadchip (Song et al., 2013) for the 373 genotypes evaluated in the four environments. Of the 385 genotypes planted in the field, 373 genotypes were included for genome-wide association analysis of Ndfa, [N] , and C/N ratio using 31,145 SNPs with a minor allele frequency (MAF) 5% across the genotypes.
Descriptive statistics and correlation coefficients were computed for measured variables using the PROC MEAN and PROC CORR procedures of SAS version 9.2 (SAS Institute, 2008) , respectively. To analyze the genotype  environment interactions, the 2 yr and two locations were treated as four environments, and analysis of variance was performed using the PROC MIXED procedure as described previously (Dhanapal et al., 2015) using the model suggested by Bondari (2003) where genotype was treated as a fixed effect and replication nested with environment was treated as a random effect.
To minimize the effects of environmental variation, the best linear unbiased predictions (BLUPs) were used for genome-wide association analysis (Kump et al., 2011) . The BLUP values of Ndfa, [N] , and C/N ratio per genotype were derived for each environment independently and also across all environments using PROC MIXED of SAS version 9.2 (SAS Institute, 2008) as described previously (Dhanapal et al., 2015) . For BLUP determination of individual environments, all factors were considered as random effects and for deriving across-environment BLUP values, environment was considered a fixed effect, while other factors were considered as random effects (Littell et al., 1996; Piepho et al., 2008) . Broad-sense heritabilities (H 2 ) for Ndfa, [N] , and C/N ratio were determined using a SAS program as described by Piepho and Möhring (2007) .
where  2 g is the genotypic variance and  2 p is the phenotypic variance. The phenotype is the mean of a genotype across m trials (environments) and r replications per trial. The phenotypic variance is calculated as follows:
where  2 ge is the genotype  environment interaction variance and  2 is the residual error variance.
Population Structure and Association Analysis
The population structure was inferred using the Bayesian model-based software program STRUCTURE 2.3.4 (Pritchard et al., 2000) using the 31,145 SNPs. The burn-in iteration was 100,000 followed by 100,000 Markov chain Monte Carlo replications after burn-in with an admixture and allele frequencies correlated model. The population structure analysis was performed with five independent iterations with the hypothetical number of subpopulations (k) ranging from 1 to 10. By plotting the estimated likelihood value of data [log probability data, LnP(D)] from the STRUCTURE output and an ad hoc statistic k, the correct value of k was determined (Evanno et al., 2005) . Further analysis was based on the rate of change in the log probability of data between successive k values that best describe the population structure based on maximizing log probability or the value at which LnP(D) reaches a plateau. All soybean accessions were assigned to a subpopulation based on the optimum k (k = 8), and the population structure matrix (Q) was generated for further association analyses. TASSEL 5.2.3 software (Bradbury et al., 2007; Buckler et al., 2009 ) was used to generate the kinship matrix based on scaled identity-by-state similarity matrix as described (Endelman and Jannink, 2012) . Genome-wide association analysis was conducted using the software TASSEL 5.2.3. The model employed for association analysis was a mixed linear model (MLM) with terms to account for genetic relatedness due to historical population structure (Q) and kinship (K) (MLM + Q + K) (Dhanapal and Crisosto, 2013; Dhanapal et al., 2015) . For each trait (Ndfa, [N] , and C/N ratio), SNPs with a MAF  5% were evaluated by environment as well as acrossenvironments. Best linear unbiased predictions calculated within each environment or across all four environments were used in the analysis. Multiple testing was performed to assess the significance of marker trait associations using QVALUE R 3.1.0 (http://genomics.princeton.edu/storeylab/ qvalue/windows.html) employing the smoother method (Storey and Tibshirani, 2003) , an extension of the false discovery rate (FDR) method (Benjamini and Hochberg, 1995) . Single nucleotide polymorphisms with a qFDR < 0.05 (Cheng et al., 2015; Wei et al., 2014) were considered significant. For the analyses by environment, we selected those SNPs that were identified in at least two of the four environments. These SNPs were compared with SNPs identified using the BLUP across all environments and those common to both approaches were considered as putative candidate SNPs.
Results
Environmental Conditions and Statistical Analysis of Nitrogen Derived from Atmosphere, Nitrogen Concentration, and Carbon/Nitrogen Ratio As expected, temperatures at Stuttgart, the more southern of the two locations, were higher than those at Columbia in both years. Temperatures between planting and plant sampling for tissue analyses were lower in 2009 than in 2010 at both locations, averaging 22.9 and 24.7C at Columbia and 26.4 and 28.3C at Stuttgart, respectively. In-season precipitation (planting through sampling) was greater in Columbia than in Stuttgart in both years and amounted to 312 and 205 mm in 2009 and 272 and 124 mm in 2010, respectively. Because of limited precipitation, fields at Stuttgart were furrow irrigated, while no irrigation was applied at the Columbia site. More detailed information on the environmental conditions are provided in Dhanapal et al. (2015) .
A broad range of Ndfa, [N] , and C/N ratio values were observed within each environment (Fig. 1) , and all three traits were normally distributed in all four environments. Analysis of variance showed significant (P < 0.0001) genotype (G), environment (E), and G  E interaction effects for Ndfa, [N] , and C/N ratio (Table  1) . Even though weather conditions were more similar between the 2 yr at each location than between the two locations, the environment effects observed were not consistently associated with locations for all three traits. Most environments differed significantly from each other for each trait, but no significant difference was observed between CO10 and ST10 for C/N ratio, and CO10 and ST10 as well as ST09 and ST10 were not different for [N] . Across all genotypes and environments, Ndfa averaged 46.62%, [N] averaged 27.34 g kg −1 , and C/N ratio averaged 15.5. Within environments, the strongest correlations were observed between [N] and C/N ratio. The [N] was negatively correlated with C/N ratio within all four environments (correlation coefficients ranging from −0.93 to −0.97; Table 2 ). The correlation between [N] and Ndfa was not significant in C010, but the correlations within the other three environments were significant and negative (CO9, −0.12; ST09, −0.39; and ST10, −0.33). Within environments, Ndfa was not significantly correlated with C/N ratio in the CO10 environment but was positively correlated within the other three environments (CO9, 0.13; ST09, 0.35; and ST10, 0.35) . Among the four environments, the only significant correlation for Ndfa was between the CO10 and ST10 (0.12; Table 2 ). With the exception of the CO09 and ST10 environments, for which the correlation for [N] was nonsignificant, correlations of [N] between environments was positive and significant (ranging from 0.19 to 0.33; Table 2 ). Similarly, for C/N ratio, except for a nonsignificant correlation between 
Population Structure and Heritability
Analysis of genetic relatedness using STRUCTURE software and 31,145 SNP loci revealed eight subpopulations (k = 8) for the 373 genotypes evaluated in this study (Fig.  2) . The structure simulation demonstrated that the calculated average of LnP(D) against k = 8 was determined to be the optimum k, indicating that the eight subpopulations could contain all individuals with the greatest probability. The estimated population structure revealed genotypes with partial membership to multiple subpopulations and few subpopulations exhibiting distinctive identities (Table 3 ; Fig. 3 ). Among different subpopulation groups (G), G7 had the greatest number of genotypes (98) and G3 had the smallest number of genotypes (9). Three subpopulations (G1, G3, and G4) had individuals exclusively from one country (Table 3) . When considering data across all environments, broad-sense heritability was greatest for [N] (61%) followed by C/N ratio (56%) and Ndfa (21%) ( Table 4) . Heritability was higher at Columbia than Stuttgart for [N] (57 vs. 47%) and C/N ratio (53 vs. 44%), whereas for Ndfa, heritability was higher in Stuttgart than Columbia (19 vs. 17%). With the exception of ST10 for Ndfa and CO09 for C/N ratio, heritability within individual environments was less than heritability across all four environments.
Association Analyses
The schematic overview of the process employed to reduce the 31,145 SNPs to a more tractable number of candidate SNPs (17 for Ndfa; 19 for [N] , and 24 for C/N ratio) and ultimately to 12, 11, and 17, putative loci for Ndfa, [N] , and C/N ratio, respectively, are shown in Fig.  4 through 6. Association analysis was conducted using BLUP values for each environment and the BLUP mean across all environments. For all association analyses, a MLM accounting for genetic relatedness due to Q and K was employed (Dhanapal and Crisosto, 2013; Dhanapal et al., 2015) . Significant SNPs were selected in a stepwise process that greatly reduced the number of SNPs to ultimately obtain a limited number of SNPs and loci putatively associated with each trait.
Association Analysis of Nitrogen Derived from Atmosphere
By-environment analyses identified a total of 123 unique SNPs significantly associated with Ndfa in at least one of the four environments (Fig. 4) . Of these, 19 showed significant associations in at least two of the four environments. The across-environment analysis identified 27 SNPs with significant associations (Fig. 4) . Between the 19 SNPs identified in the by-environment analyses and the 27 SNPs identified in the across-environment analysis, there were 17 unique SNPs common to both sets. Based on their close spacing in the genome, these 17 SNPs likely represent 12 putative loci ( Fig. 4 ; Table 5 ). One putative locus was identified by three SNPs, three putative loci were identified by two SNPs, and the remaining eight loci were identified by single SNPs (Table 5) .
Association Analysis of Nitrogen Concentration
The by-environment analyses identified a total of 107 unique SNPs that were significantly associated with tissue [N] in at least one of the four environments (Fig. 5 ). Of these, 23 unique SNPs showed significant associations in at least two of the four environments. One SNP (BARC_1.01_ Gm_20_46575262_G_A) showed significant association in three of four environments. The across-environment analysis for [N] identified 60 unique SNPs (Fig. 5) . A total of 19 unique SNPs were found in common between the 23 unique SNPs identified based on the by-environment analyses and the 60 SNPs based on the across-environment analysis. These 19 SNPs represent 11 putative loci for [N] ( Fig. 5 ; Table 5 ) as indicated by their close spacing in the genome. Three putative loci were identified by three SNPs, two of the putative loci were identified by two SNPs, and the remaining six loci by single SNPs (Table 5) .
Association Analysis of Carbon/Nitrogen Ratio
Association analysis for shoot tissue C/N ratio identified 389 unique SNPs that were significant in at least one of the four environments (Fig. 6 ). Among these, 43 unique SNPs showed significant association in at least two of the four environments (Fig. 6) . Two SNPs on chromosome 15 (BARC_1.01_Gm_15_20452272_C_T and BARC_1.01_ Gm_15_23117810_G_A) showed significant association in three of four environments. Analyses conducted across the four environments identified 37 SNPs (Fig. 6 ). Considering both by-environment and across-environment analyses, 24 unique SNPs were identified (Fig. 6) . Given their relative spacing in the genome, these 24 SNPs likely represent 17 putative loci ( Fig. 6 ; Table 5 ). Of these, seven putative loci were identified by two SNPs and the remaining ten loci were identified by single SNPs (Table 5) .
Association Analysis Comparison
By-environment analyses identified the fewest marker associations for the ST10 environment for Ndfa, [N] , and C/N ratio. For all traits, the greatest number of markers identified was for the CO09 environment (data not shown). The number of unique SNPs that were significant in at least two environments was lower than the number of SNPs identified by across-environment analysis for Ndfa (19 vs. 27 SNPs) and [N] (23 vs. 60 SNPs), but the opposite was observed for C/N ratio (43 vs. 37 SNPs). Multiple testing corrections coupled with by-environment and acrossenvironment analyses resulted in the identification of 17 (12 putative loci), 19 (11 putative loci), and 24 (17 putative loci) unique SNPs associated with Ndfa, [N] , and C/N ratio, respectively. (Supplemental Table S1 -S3; Fig. 7 ).
Identification of Putative Candidate Genes
Based on the 60 bp sequences flanking the final candidate SNPs, a BLAST search was conducted with default parameters in Soybase (www.soybase.org) (Grant et al., 2010) to identify candidate genes (Song et al. [2013] ; Supplemental Table S1 ). The search indicated that four of 17 SNPs for Ndfa, six of 19 SNPs for [N] , and 11 of 24 SNPs for C/N ratio were located in a gene (Table 5; Supplemental Table S1 -S3). For the SNPs not located in a gene, information on the gene closest to each SNP is also provided (Table 5 ). An additional search for candidate genes was performed in Soybase (www.soybase.org) using the term nitrogen. This search revealed 217 candidate genes (data not shown), 57 of which were located within 3 MB of the 60 candidate SNPs (Table 6 ). The relative positions of the candidate genes and putative loci for each trait are shown in Fig. 7 .
Discussion
Statistics and Correlation Analysis
Understanding the relationship between phenotype and genotype is important for the improvement of complex traits in economically important crop species such as soybean. Across the four environments examined in this study, mean Ndfa values ranged from 2.16 to 90.75%, which was greater than the range in Ndfa percentage values previously reported for soybean (Wanek and Arndt, 2002; Yoneyama et al., 2000) . The values for [N] and C/N ratio ranged from 15.51 to 36.54 g kg −1 and from 10.95 to 26.32, respectively, across the four environments, which was within the range of [N] and C/N ratio reported by Torbert et al. (2004) . Among the four environments, ST09 had the lowest median Ndfa and [N] values, whereas the highest median Ndfa and [N] values were observed in CO10 and CO09, respectively. The C/N ratio median was lowest among the four environments 
Population Structure
The population structure of soybean populations has been studied previously using both simple sequence repeat (SSR) and SNP markers (Dhanapal et al., 2015; Guo et al., 2012; Hao et al., 2012) . The 373 soybean genotypes evaluated in the present study were classified into eight subpopulations with significant divergence among subpopulations. In our previous study (Dhanapal et al., 2015) , using the same genotypes but with fewer SNPs (12K SNPs), we observed a similar population structure (eight subpopulations). The individuals within each subpopulation were independent of their collection sites. Nonetheless, results indicated high genetic diversity within subpopulations and less genetic diversity among subpopulations. Similar results have been found for soybean (Dhanapal et al., 2015; Hao et al., 2012) using SNP markers and in other crops using SSR markers (Belamkar et al., 2011; Cao et al., 2012; Kannan et al., 2014; Shiferaw et al., 2012) . However, a study of the population structure of 40 wild soybeans [Glycine soja (L.) Merr.] from China with 20 SSR markers showed contrary results to those observed in our study. This may be because the wild soybean evaluated in that study were significantly different from cultivated soybean, as evidenced by their allelic richness, genetic diversity, and high ratios of regionally unique fixed alleles that underwent adaptive selection for the different ecogeographical conditions (Guo et al., 2012) . locus. However, seven of the putative [N] and C/N ratio loci were located at virtually the same genomic position (Fig. 7) . Given the strong correlations observed between [N] and C/N ratio, colocation of some loci was not surprising. Aside from the putative [N] and C/N ratio loci that were colocated, chromosome 1, 3, and 15 had more than one putative locus associated with different traits.
In three of four instances of colocated putative [N] and C/N ratio loci, N-related genes identified by a Soybase (www.Soybase.org) search were located nearby (Table 6 ; Fig. 7 ). In fact, nine of the 12 putative Ndfa loci, eight of the 11 putative [N] loci, and 13 of the 17 putative C/N ratio loci also had at least one N-related gene within 3 MB as identified by a Soybase database search for N-related genes (Table 6 ; Fig. 7) . Potentially, loci without a known N-related gene nearby may identify previously unknown genes affecting Ndfa, [N], or C/N. Additional research is required to confirm and evaluate the putative relationships with known genes and to investigate the potential new genes. Hwang et al. (2013) reported five QTLs associated with shoot [N] (three on chromosome 13, and one each on chromosomes 16 and 17), but none of the putative loci identified in this study were near those identified by Hwang et al. (2013) . Another study conducted by Vieira et al. (2006) reported one QTL associated with specific leaf N (Chromosome 5), but none of the putative loci identified in this study was near the one QTL identified by Vieira et al. (2006) . This was not surprising since the parents of the biparental populations used by Hwang et al. (2013) and Vieira et al. (2006) were not included in this study. Additionally, if less-stringent criteria are employed, SNPs near these QTLs can be identified, but using less-stringent criteria would also identify other SNPs in other areas of the genome that are more likely to represent false positives. To our knowledge, loci associated with C/N ratio have not been previously reported for soybean. Thus, the 17 putative loci identified in this study are the first to be reported.
Conclusions
Even though we used a large number of SNPs with a MAF  5% (31,145), there were still areas of the genome in which differences among the 373 genotypes were not detected. Nonetheless, population analysis was able to separate the 373 soybean genotypes into eight subgroups.
Association Analysis of Nitrogen Derived from Atmosphere, Nitrogen Concentration, and Carbon/Nitrogen Ratio Traits Association mapping facilitates the detection and mapping of QTLs underlying complex traits in the absence of biparental populations. Using the MLM with correction for Q and K and applying qFDR < 0.05, a large number of significant SNPs were identified for each trait (Fig. 4,  5, 6 ). However, the number of SNPs associated with each trait differed considerably by environment. This is not surprising, as each environment represents an independent field experiment in which the 373 genotypes were phenotyped for Ndfa, [N] , and C/N ratio. While the SNPs identified as significantly associated with Ndfa, [N] , and C/N ratio in single environments may be important, particularly given the independence of the field experiments, greater confidence can be given to significant associations corroborated in more than one environment and across all four environments. Ultimately, the process employed in this study resulted in the identification of 17, 19, and 24 unique SNPs associated with Ndfa, [N] , and C/N ratio, respectively. These SNPs can be considered to identify 12, 11, and 17 putative QTLs for Ndfa, [N] , and C/N ratio, respectively (Table 5 ; Fig. 7 ).
Quantitative Trait Loci Reported for Nitrogen Derived from Atmosphere, Nitrogen Concentration, and Carbon/Nitrogen Ratio
The genetic variability in Ndfa, [N] , and C/N ratio in soybean is not well defined (Ludidi et al., 2007; Yoneyama et al., 2000) ; however we were able to identify multiple genomic loci likely associated with each trait (Table 5 ; Fig.  7) . In some cases, putative loci were based on significant associations of a single SNP, and in other cases putative loci were identified by multiple SNPs that were located relatively close to one another in the genome (Table 5 ; Fig.  7 ). That some loci are identified by only one SNP is most likely the result of our very stringent criteria for declaring a significant association. While the stringent criteria may have reduced the number of putative loci identified, it served to eliminate false positive associations and imparts greater confidence in the loci identified.
The relative locations of the putative loci for each of the three traits are shown on Fig. 7 Genome-wide association analysis using a MLM with adjustments for genetic relatedness and population structure were conducted using BLUP values determined for Ndfa, [N] , and C/N ratio data obtained from independent field experiments in four environments. Analysis by environment and across all four environments identified SNPs putatively associated with Ndfa, [N] , and C/N ratio. To be selected, unique SNPs had to be detected in at least two environments and with the mean across environments using the MLM + Q + K model. This approach resulted in the identification of 17 Ndfa, 19 [N] , and 24 C/N ratio SNPs associated with the respective traits. Although SNPs detected in a single environment may be associated with genes affecting Ndfa, [N] , and C/N ratio, we have greater confidence in the SNPs identified independently in at least two environments. Additionally, many of the 17, 19, and 24 identified SNPs for Ndfa, [N] , and C/N ratio were in close proximity to each other and likely tag the same locus. Overall, results indicated 12, 11, and 17 putative loci associated with Ndfa, [N] , and C/N ratio, respectively, with a high level of confidence. Thus, we identified a tractable number of putative loci for further evaluation and confirmation in biparental mapping populations as well as for potential use in breeding programs.
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